Magnesium (Mg)-deficiency is a widespread problem adversely affecting the quality and yield of crops, including citrus. 'Xuegan' [Citrus sinensis (L.) Osbeck] seedlings were irrigated every other day with nutrient solution at an Mg concentration of 0 mM (Mgdeficiency) or 1 mM (Mg-sufficiency) for 16 weeks. Thereafter, biomass, leaf mass per area, ribulose-1,5-bisphosphate carboxylase/ oxygenase (Rubisco), pigments in the upper and lower leaves, Mg, gas exchange, organic acids, nonstructural carbohydrates, total soluble proteins, amino acids, phenolics and anthocyanins, and key enzymes related to organic acid, amino acid and phenolic metabolisms in the roots, and upper and lower leaves were assayed in order to test the hypothesis that Mg-deficiency-induced alterations of gas exchange, major metabolites and key enzymes may differ among the roots, and upper and lower leaves. Magnesiumdeficiency affected the most measured parameters more in the lower than in the upper leaves except for the nonstructural carbohydrates, but the variation trends were similar between the two. Despite increased accumulation of nonstructural carbohydrates, the lower CO 2 assimilation in the Mg-deficient leaves was not caused by the feedback inhibition mechanism via sugar accumulation. Both dark respiration and organic acid metabolism were elevated in the Mg-deficient lower leaves to 'consume' the excess carbohydrates, and inhibited in the Mg-deficient roots with less accumulation of nonstructural carbohydrates to keep the balance of net carbon. More total phenolics and fewer anthocyanins were accumulated in the Mg-deficient lower leaves, whereas the accumulation of both total phenolics and anthocyanins was reduced in the Mg-deficient roots. Interestingly, amino acid biosynthesis was repressed in the Mg-deficient roots and lower leaves, thus lowering the level of total free amino acids in these roots and leaves. To conclude, great differences existed in the Mg-deficiency-induced alterations of gas exchange, major metabolites and key enzymes among the roots, and upper and lower leaves.
Introduction
Magnesium (Mg), a central element of chlorophyll (Chl) , is also the activator for >300 enzymes, including ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco, EC 4.1.1.39; Cakmak and Kirkby 2008) . Thus, Mg plays a role in diverse physiological and biochemical processes in higher plants such as Chl, RNA and protein biosynthesis (Peng et al. 2015) , gas exchange (Yang et al. 2013) , partitioning and utilization of photoassimilates (Cakmak and Kirkby 2008) , and amino acid (Fischer et al. 1998 ) and organic acid (Yang et al. 2013 ) metabolisms.
Despite its key roles in higher plants, Mg has been overlooked by botanists and agronomists relative to the other macronutrients (Cakmak and Yazici 2010) . Magnesium-deficiency is a widespread problem adversely impacting the quality and yield of many agricultural crops (Morton et al. 2008) , and is becoming an urgent and increasingly serious problem . In China, Mg-deficiency is a common problem responsible for poor citrus fruit quality and the loss of productivity (Ling et al. 2009 , Li et al. 2015 .
Usually, Mg-deficiency increases the accumulation of carbohydrates in the source leaves with decreased photosynthesis in some higher plants, including citrus (Yang et al. 2012a) , Arabidopsis (Hermans and Verbruggen 2005) , coffee (da Silva et al. 2014) , bean (Cakmak et al. 1994 ) and wheat (Ceylan et al. 2016) , and decreases the accumulation of carbohydrates in the roots in citrus (Yang et al. 2012a) , coffee (da Silva et al. 2014) , wheat (Ceylan et al. 2016 ) and bean (Cakmak et al. 1994) . Recent studies suggested that leaf respiration, glycolysis and tricarboxylic acid cycle were increased in Mg-deficient citrus leaves with higher levels of nonstructural carbohydrates, but lowered in Mg-deficient roots with lower levels of nonstructural carbohydrates (Yang et al. 2013 , Jin et al. 2016 ). Thus, Mg-deficiencyinduced changes in carbohydrate and organic acid metabolisms might differ between leaves and roots.
Magnesium-deficiency-induced alterations of total soluble proteins, protein and amino acid metabolism-related genes and proteins differed between leaves and roots (Peng et al. 2015 , Jin et al. 2016 , Yang et al. 2012a . Therefore, the responses of amino acid metabolism to Mg-deficiency should be different between leaves and roots. Most of the studies, however, have focused on Mg-deficiency-induced changes in leaf amino acid metabolism (Li et al. 2001a , Ding et al. 2006 , Yin et al. 2009 , Zhao et al. 2012 , Jezek et al. 2015 ). There are a few studies investigating Mg-deficiency-induced alterations of amino acids in plant roots and leaves. Ruan et al. (2012) found that Mgdeficiency decreased the levels of amino acids in the phloem exudates and xylem sap and the levels of free amino acids (FAA) in the roots and the young shoots of tea plants, whereas the concentrations of FAA were higher in the Mg-deficient mature leaves than in the controls or did not differ between the Mg-deficient mature leaves and the controls. Thompson et al. (1960) observed that only two amino acids [i.e., glutamic acid (Glu) and alanine (Ala)] of non-protein fraction were affected by Mg-deficiency in the same way in turnip roots and leaves. Fischer et al. (1998) found that total amino acids were greatly accumulated in the Mg-deficient source and sink leaves of spinach, but was only slightly elevated in the Mg-deficient roots. Lasa et al. (2000) observed that ammonium-fed sunflower plants displayed increased accumulation of FAA in the Mg-deficient roots and leaves, especially in the former. However, FAA and CO2 assimilation were not altered by Mg-deficiency in nitrate-grown plants. Thus, the differences in Mg-deficiency-induced alterations of amino acid metabolism between roots and leaves are not well understood yet.
Nutrient deficiencies can alter the accumulation of phenolics in roots and leaves (Gersehenzon 1983 , Tuomi et al. 1984 , Kováčik and Bačkor 2007 , Lu et al. 2014a . Total phenolic level increased with decreasing Mg level in beech (Fagus sylvatica) leaves (Påhlsson 1989) . Thus, Mg-deficiency might affect phenolic metabolism in roots and leaves. However, little is known about Mg-deficiency-induced alterations of phenolic metabolism in roots and/or leaves. In their study, Kobayashi et al. (2013) found that the level of anthocyanins in the L4 and L5 blades of Mg-deficient rice seedlings was twofold and fivefold higher, respectively, than in the controls but did not differ between the Mg-deficient L6 blades and the controls.
Magnesium can be remobilized from old leaves to young leaves. The first Mg-deficient symptom is leaf chlorosis, which extends progressively from old leaves to young leaves after prolonged exposure to Mg-deficiency (Chapman 1968 , Hermans et al. 2010 . Therefore, the physiological and biochemical responses of leaves to Mg-deficiency might vary with leaf positions. So far, such data are very rare in higher plants. Magnesium-deficiency decreased Mg level in maize leaves number 6 and 7, but had no significant influence on Mg level in leaf number 8. Accordingly, the level of total FAA (TFAA) in leaves number 6 and 7 was enhanced by Mg-deficiency, but was not elevated in leaf number 8. However, Mg-deficiency did not significantly affect glutamine synthetase (GS, EC 6.3.1.2) activity in leaves number 6-8 (Jezek et al. 2015) . Kobayashi et al. (2013) observed that Mg-deficiency-induced alterations of Mg, Chls, photosynthesis, transpiration, anthocyanins, carbohydrates and citrate in rice leaves varied with leaf positions. Fischer et al. (1998) showed that the concentrations of amino acids, soluble sugars and starch increased in the Mg-deficient sink leaves of spinach, whereas only amino acids and starch increased in the Mg-deficient source leaves.
In this study, we assayed Mg-deficiency-induced changes in plant growth, leaf mass per area (LMA), the concentrations of pigments and the activity of Rubisco in the upper and lower leaves, and gas exchange, the concentrations of organic acids, nonstructural carbohydrates, total soluble proteins, amino acids, total phenolics and anthocyanins, and the activities of key enzymes related to amino acid, organic acid and phenolic metabolisms in the roots, and upper and lower leaves of Citrus sinensis seedlings in order to corroborate the hypothesis that Mg-deficiency-induced alterations of gas exchange, major metabolites and key enzymes may differ among roots, and upper and lower leaves.
Materials and methods

Seedling culture and Mg treatments
Seedling culture and Mg treatments were carried out as described by Peng et al. (2015) and Ma et al. (2016) . In brevi,
Tree Physiology Online at http://www.treephys.oxfordjournals.org 15-week-old seedlings of 'Xuegan' [C. sinensis (L.) Osbeck] grown in 6 l pots (two seedlings per pot) filled with clean river sand in a greenhouse under natural photoperiod at Fujian Agriculture and Forestry University, Fuzhou, China (26°5′N, 119°14′E) with an annual average of ∼1600 h of sunlight and an average annual temperature of~20°C. Seedlings were irrigated every other day until saturated with nutrient solution at an Mg concentration of 0 mM (Mg-deficiency) or 1 mM (Mg-sufficiency, control) from MgSO 4 . The concentration of sulfur (S) in the nutrient solution was kept at a constant level via adding equivalent moles of Na 2 SO 4 instead of MgSO 4 . After 16 weeks, 5-mm-long white root tips, and lower (quarter height,~11-week-old) and upper (three quarter height,~5-week-old) leaves were used for all measurements except for root Mg concentration. Both upper and lower leaves were mature, fully expanded leaves. After leaf gas exchange being measured, leaves (midribs and petioles removed), leaf disks (0.2826 cm 2 in size) and ∼5-mm-long white root tips from the same plants used for gas exchange assay were harvested at noon on a sunny day and frozen immediately in liquid nitrogen, then stored at −80°C until extraction of total soluble proteins, amino acids, organic acids, nonstructural carbohydrates, pigments, total phenolics, anthocyanins and enzymes. Root respiration was assayed using fresh excised roots. These plants not being sampled were used for the measurements of biomass, root and leaf Mg concentrations.
Dry weight and LMA
For each treatment, leaves, stems and roots from 10 seedlings (one seedling per pot) were collected. Their dry weight (DW) was measured after being dried to a constant weight at 70°C (~48 h).
Leaf mass per area was measured according to Lu et al. (2014a) . There were four replicates per treatment.
Root and leaf Mg
For the determination of Mg concentration, fibrous roots, and lower and upper leaves (midribs and petioles removed) were collected. Magnesium concentration in roots and leaves was assayed using an PinAAcle 900F Atomic Absorption Spectrometer (PerkinElmer Singapore Pte Ltd, Singapore, Singapore) after being digested in a mixture solution of H 2 O 2 :HNO 3 (2:5 v/v). There were four replicates per treatment Leaf and root gas exchange and leaf Rubisco
Measurements of leaf gas exchange were made with a portable photosynthesis system (CIRAS-2, PP-Systems, Herts, UK) at a relative humidity of 71.7 ± 0.7%, a leaf temperature of 27.9 ± 0.1°C and an ambient CO 2 concentration under a controlled light intensity of 993-1006 μmol m −2 s −1 (CO 2 assimilation, intercellular CO 2 concentration and stomatal conductance) or under dark conditions (dark respiration) between 10:00 and 11:00 h on a sunny day. There were 7-15 replicates per treatment. Root respiration was assayed at 25°C with an Oxy-Lab system (Hansatech, Norfolk, UK) according to Fan et al. (2003) . There were five replicates per treatment.
Measurements of major metabolites
Leaf carotenoids (Car), Chl a and Chl b were determined as described by Lichtenthaler (1987) after being extracted with 80% (v/v) acetone.
Leaf and root glucose, fructose, sucrose and starch were measured as described by Han et al. (2008) .
Leaf and root citrate, isocitrate and malate were extracted and assayed according to Chen et al. (2002) .
Leaf and root total soluble proteins were extracted and determined as described by Lu et al. (2014a) and Bradford (1976) , respectively.
For the measurement of root and leaf hydrolyzable amino acids released from HCl-mediated hydrolysis of peptides and proteins, ∼0.1 g frozen roots and leaves were ground to powder in liquid nitrogen, then transferred to vials. Ten milliliters of 6 M HCl was added to each vial, then sealed after being bubbled with nitrogen gas for 2-3 min and hydrolyzed at 110°C for 24 h. After being diluted to 25 ml, 1 ml of diluted solution was filtered through a 0.45 μm pore size membrane. A 0.5 ml filtrate was then evaporated to dryness in a vacuum drying oven at 60°C and dissolved in 2 ml of 0.02 M HCl. One milliliter of solution was filtered through a 0.45 μm pore size membrane into an Amino Acid Analyzer vial. Hydrolyzable amino acids in the vial were analyzed according to Zhang et al. (2016) using an L-8900 High Speed Amino Acid Analyzer (Hitachi L-8900, Hitachi Ltd, Katsuda, Japan).
For the measurement of root and leaf FAA,~0.1 g frozen roots and leaves were ground powder in liquid nitrogen, then transferred to 10 ml tubes. Four milliliters of hot water (100°C) was added to each tube and was then put into a boiling water bath for 45 min, and vertexed once every 15 min. After being rapidly cooled to room temperature, the mixture was diluted to 5 ml with distilled water. One milliliter of diluted extracts was transferred to a 5 ml of tube containing 1 ml of 5% (w/v) sulfosalicylic acid. The resulting mixture was stored at 2-8°C for 1 h after being fully mixed, then centrifuged twice for 15 min at 16,000g at 4°C. A total of 0.5 ml of supernatant was fully mixed with an equal volume of 0.04 M HCl, and then passed through a 0.22 μm filter into an Amino Acid Analyzer vial. Free amino acids in the vial were analyzed according to Zhang et al. (2016) using an L-8900 High Speed Amino Acid Analyzer.
Leaf and root TFAA were determined using the ninhydrin colorimetric method (Wang 2006 ) after being extracted with 10% (v/v) acetic acid.
Leaf and root total phenolics and anthocyanins were extracted and measured according to Lu et al. (2014a) and Wagner (1979) , respectively. There were eight replicates per treatment for pigments and four replicates per treatment for other parameters.
Measurements of key enzymes
Leaf Rubisco was extracted and assayed according to Chen et al. (2005) and Lin et al. (2009) , respectively.
Leaf and root NAD-malate dehydrogenase (NAD-MDH, EC 1.1.1.37), phosphoenolpyruvate (PEP) carboxylase (PEPC, EC 4.1.1.31), NADP-MDH (EC 1.1.1.82), NAD-malic enzyme (NAD-ME, EC 1.1.1.39), NADP-ME (EC 1.1.1.40), PEP phosphatase (PEPP, EC 3.1.3.60), pyruvate kinase (PK, EC 2.7.1.40), NADP-isocitrate dehydrogenase (NADP-IDH, EC 1.1.1.42), citrate synthase (CS, EC 2.3.3.1), aconitase (ACO, EC 4.2.1.3) and hexokinase (HK, EC 2.7.1.1) were extracted and assayed according to Lu et al. (2014a) .
Leaf and root glutamate oxaloacetate transaminase (GOT, EC 2.6.1.1), nitrate reductase (NR, EC 1.6.6.1), NADH-dependent glutamate 2-oxoglutarate aminotransferase (NADH-GOGAT, EC 1.4.7.14), glutamate pyruvate transaminase (GPT, EC 2.6.1.2) and GS were extracted and measured according to Lu et al. (2014a) .
Leaf and root polyphenoloxidase (PPO, EC 1.14.18.1) was extracted and measured as described by Duan and Guo (2009) and Lin et al. (2016) with some modification. Briefly,~100 (50) mg frozen roots (leaves) were extracted in an ice-cold buffer (1.2 ml) of 10 mM NaH 2 PO 4 -Na 2 HPO 4 (pH 6.8), 0.5% (w/v) Triton X-100, 5% (w/v) insoluble polyvinylpolypyrrolidone (PVPP). Polyphenoloxidase activity was assayed in 0.86 ml reaction solution including 0.6 ml of 10 mM NaH 2 PO 4 -Na 2 HPO 4 (pH 6.8), 0.16 ml of 0.1 mM catechol dissolved in 100 mM NaH 2 PO 4 -Na 2 HPO 4 (pH 6.8) and 0.1 ml enzyme extract. The reference cuvette contained the same solution except that the enzyme extract was replaced by the extraction buffer.
For the determination of leaf and root guaiacol peroxidase (GPX, EC 1.11.1.7) activity,~100 mg frozen roots or leaves were extracted in a mixture buffer (1.2 ml) of 50 mM NaH 2 PO 4 -Na 2 HPO 4 (pH 7.0), 0.5% (w/v) Triton X-100, 1 mM ethylenediaminetetraacetic acid (EDTA) and 5% (w/v) insoluble PVPP. Guaiacol peroxidase activity was determined at 470 nm in a reaction solution (1 ml) of 200 mM NaH 2 PO 4 -Na 2 HPO 4 (pH 6.0), 5 μl 10% (v/v) H 2 O 2 , 16 mM guaiacol and 10 μl enzyme extract Cheng 2003, Chen et al. 2008) .
Leaf and root phenylalanine (Phe) ammonia-lyase (PAL, EC 4.3.1.5) was extracted and measured as described by Yang et al. (2012b) and Moerschbacher et al. (1988) with some modifications. Briefly, ∼100 mg frozen roots or leaves were extracted in a mixture solution (1 ml) of 100 mM borate buffer (pH 8.8), 1 mM dithiothreitol, 1 mM EDTA and 5% (w/v) insoluble PVPP. Phenylalanine ammonia-lyase activity was determined by incubating the mixture including 0.57 ml of 100 mM borate buffer (pH 8.8), 0.15 ml enzyme extract and 0.15 ml of 20 mM Phe dissolved in 100 mM borate buffer (pH 8.8) for 40 min at 25°C. The reaction was terminated by adding 30 μl of 6 M HCl. The increase in A 290 , due to the formation of trans-cinnamate, was determined spectrophotometrically. For each sample, blank without Phe was carried out through the assay procedure.
There were three to six replicates per treatment.
Experimental design and data analysis
There were 20 pots (40 seedlings) per treatment in a completely randomized design. Results represented the mean ± SE of 3-15 replicates. Significant differences among four treatment combinations were analyzed by two (leaf positions) × two (Mg levels) analysis of variance and the four means were separated by Duncan's new multiple range test. Unpaired t-test was performed for the significant differences between two means (control and Mg-deficiency).
Results
Biomass, LMA and Mg
Compared with 1 mM Mg treatment, 0 mM Mg treatment greatly decreased root, leaf, stem and whole-plant DW, but increased LMA, especially in the lower leaves ( Figure 1 ). Seedlings grown in the absence of Mg first showed Mg-deficient symptoms in the basal older leaves. Magnesium-deficient symptoms initially started as interveinal yellowing. The yellowing started near the leaf margin and toward the leaf apex, retaining a Ʌ-shaped green region at the leaf base. Like citrus boron (B)-deficiency (Han et al. 2008) , enlargement and corkiness occurred in midrib and main (secondary) veins of 0 mM Mg-treated leaves. The Mg-deficient symptoms extended progressively from the basal old leaves to the top young leaves. No Mg-deficient symptoms were observed in the 1 mM Mg-treated seedlings (see Figure S1 available as Supplementary Data at Tree Physiology Online), and foliar Mg concentration was in the normal range (Figure 2b; Chapman 1968) . Thus, seedlings irrigated with 0 mM and 1 mM are regard as Mg-deficient and Mg-sufficient (control), respectively. Magnesium-deficiency greatly decreased root and leaf Mg level. Magnesium-deficiency-induced decrease in Mg concentration was greater in the lower than in the upper leaves. Besides, Mg level was higher in the upper than in the lower leaves at each given Mg treatment (Figure 2 ).
Gas exchange in leaves and roots, and Rubisco activity and pigment levels in leaves Magnesium-deficiency greatly decreased CO 2 assimilation, stomatal conductance and Rubisco activity in the lower leaves, but had less influence on the three parameters in the upper leaves. However, leaf intercellular CO 2 concentration did not significantly differ among the four treatment combinations. The Mgdeficiency-induced increase in dark respiration was greater in
Tree Physiology Online at http://www.treephys.oxfordjournals.org the lower than in the upper leaves, but root respiration was reduced by Mg-deficiency (Figure 3) .
Leaf Chl a, Chl b and Chl a+b concentrations were similar among the four treatment combinations except that their levels were decreased in the Mg-deficient lower leaves (Figure 4a-c) . There was no significant difference in leaf Chl a/b ratio among the four treatment combinations (Figure 4d ). Magnesiumdeficiency only decreased Car concentration and Car/Chl a+b ratio in the lower leaves. Both the concentration of Car and the ratio of Car/Chl a+b were higher in the upper than in the lower leaves at each given Mg supply (Figure 4e and f).
Root and leaf nonstructural carbohydrates
The levels of nonstructural carbohydrates were higher in the Mgdeficient leaves than in the controls or similar between the two regardless of the leaf position, whereas their concentrations did not significantly differ between the upper and lower leaves at each given Mg supply level except that the concentrations of sucrose and soluble sugars were higher in the lower than in the upper leaves under Mg-sufficiency and that starch level was higher in the upper than in the lower leaves under Mg-sufficiency. Unlike leaves, the concentrations of nonstructural carbohydrates in roots were reduced by Mg-deficiency ( Figure 5 ).
Organic acids and related enzymes in leaves and roots
As shown in Figure 6 , Mg-deficiency increased or did not significantly affect leaf malate level depending on leaf positions, but decreased leaf citrate and isocitrate levels regardless of leaf positions except that isocitrate level did not significantly differ between the Mg-deficient and the Mg-sufficient upper leaves. Malate concentration was similar between the upper and the lower leaves under Mg-sufficiency and was higher in the lower than in the upper leaves under Mg-deficiency, whereas leaf citrate and isocitrate concentrations were higher in the upper than in the lower leaves at each given Mg supply level except for a similar isocitrate concentration between the upper and the lower leaves under Mg-sufficiency. Both leaf position and Mg supply had no significant influence on leaf malate+citrate+isocitrate (f)]. Bars represent means ± SE (n = 10 for dry mass or 4 for LMA). Differences among four treatment combinations (two leaf positions × two Mg levels) were analyzed by two-way analysis of variance. Four means were separated by Duncan's new multiple range test. Significant tests between two means (control and Mg-deficiency) were performed by the unpaired t-test. Different letters above the bars indicate a significant difference at P < 0.05.
Tree Physiology Volume 37, 2017
level. However, the levels of malate, citrate, isocitrate and malate +citrate+isocitrate were lower in the Mg-deficient roots than in the controls. In the lower leaves, Mg-deficiency decreased NAD(P)-ME, NAD(P)-MDH, PEPP and HK activities, increased PEPC, PK, ACO and NADP-IDH activities, and had no significant influence on CS activity, whereas in the upper leaves, Mg-deficiency only slightly lowered NAD-ME and PEPP activities, and did not significantly affect other enzyme activities. Under Mg-deficiency, NAD (P)-ME, NAD(P)-MDH, PEPP and HK activities were higher in the upper than in the lower leaves, and PEPC, ACO and NADP-IDH activities were higher in the latter; whereas under Mgsufficiency, the activities of acid-metabolizing enzymes did not significantly differ between the upper and the lower leaves except that the activity of PEPP was higher in the upper than in the lower leaves. In the roots, Mg-deficiency increased PEPP activity, did not affect NAD-MDH activity and decreased other enzyme activities (Figure 7 ).
Amino acids, total soluble proteins and enzymes in amino acid metabolism
As shown in Figures S2 and S3 available as Supplementary Data at Tree Physiology Online, Mg-deficiency decreased the levels of 17 hydrolyzable amino acids and their sum in the upper and the lower leaves, especially in the latter, except for similar levels of Asp, Cys and Met between the Mg-deficient and the Mg-sufficient upper leaves, whereas their levels were similar between the Mg-deficient and the Mg-sufficient roots. The levels of 17 hydrolyzable amino acids were higher in the upper than in the lower leaves at each given Mg treatment except for a similar Met level between the lower and the upper leaves under Mg-sufficiency.
As shown in Figures 8-10c and d, the concentrations of all FAA and their sum detected by Amino Acid Analyzer and TFAA detected by the ninhydrin colorimetric method were lower in the Mg-deficient leaves than in the corresponding controls or similar between the Mg-deficient and the Mg-sufficient leaves regardless of the leaf positions except that Arg concentration in the upper leaves was higher under Mg-deficiency than under Mgsufficiency. Similarly, Mg-deficiency decreased or did not significantly affect the levels of all FAA and TFAA in roots. Like leaf hydrozable amino acids, the concentrations of all FAA and their sum detected by Amino Acid Analyzer and TFAA detected by the ninhydrin colorimetric method were not lower in the upper than in the lower leaves at each given Mg supply level.
The concentration of total soluble proteins in the lower leaves was greatly reduced by Mg-deficiency, whereas their concentration in the upper leaves and the roots was not significantly altered. The concentration of total soluble proteins was higher in the upper than in the lower leaves under Mg-deficiency, but similar between the two under Mg-sufficiency (Figure 10a  and b) .
As shown in Figure 10e -n, Mg-deficiency decreased NR, NADH-GOGAT, GOT, GPT and GS activities in the leaves and roots except for a similar NADH-GOGAT activity between the Mg-deficient and the Mg-sufficient upper leaves. Magnesiumdeficiency-induced alteration of all five enzymes was more pronounced in the lower leaves than in the upper leaves.
Total phenolics and anthocyanins and related enzymes
As shown in Figure 11 , Mg-deficiency increased the level of total phenolics in the lower leaves, but had no influence on their level in the upper leaves. However, the concentration of anthocyanins was reduced in the Mg-deficient upper and lower leaves, especially in the latter. The concentrations of total phenolics and anthocyanins were slightly less in the Mg-deficient roots than in the controls. Magnesium-deficiency decreased PAL and PPO activities in the upper and the lower leaves, especially in the latter. Guaiacol peroxidase activity was increased by Mg-deficiency in the lower leaves, but unaffected in the upper leaves. Magnesium-deficiency increased PAL and GPX activities, and decreased PPO activity in the roots. Under Mgdeficiency, the level of total phenolics and the activity of GPX were higher in the lower than in the upper leaves, whereas the level of anthocyanins and the activities of PAL and PPO were higher in the latter; under Mg-sufficiency, all the five parameters were similar between the upper and the lower leaves. 
Discussion
Mg-deficiency affected the lower leaves more than the lower leaves Our results showed that the typical symptoms of Mg-deficiency occurred only in the lower leaves (see Figure S1 available as Supplementary Data at Tree Physiology Online), and that the Mgdeficiency-induced alterations of most measured parameters (Figures 1e and f, 3a -e, 4 and 12; see Figure S2 available as Supplementary Data at Tree Physiology Online) were greater in the lower than in the upper leaves. Obviously, Mg-deficiency affected the lower leaves more than the upper leaves. This might be related to the fact that Mg can be remobilized from the old leaves to the young leaves (Billard et al. 2016) , as indicated by the lesser decrease in Mg level in the upper than in the lower leaves in response to Mg-deficiency (Figure 2b ). Nonstructural carbohydrates were the only exception and their alteration seemed not to be less in the upper than in the lower leaves under Mg-deficiency (Figure 5a-f) . Magnesium plays a key role in the export of carbohydrates from the source (leaves) to the sink (roots) tissues (Cakmak and Kirkby 2008) . The decrease in the export of carbohydrates from the Mg-deficient upper leaves might be less than from the Mgdeficient lower leaves because Mg level was higher in the former than in the latter (Figure 2b ), but the Mg-deficiency-induced decrease in CO 2 assimilation was much less in the upper than in the lower leaves (Figure 3a ). This might be the reason why the levels of nonstructural carbohydrates were not lower in the Mg-deficient upper than in the Mg-deficient lower leaves.
Possible causes for the Mg-deficiency-induced inhibition of photosynthesis
The present work, like that of previous reports (Li et al. 2001b , Yang et al. 2012a , Jin et al. 2016 , indicated that the reduction in leaf CO 2 assimilation in response to Mg-deficiency was mainly caused by non-stomatal factors, as shown by the unchanged intercellular CO 2 concentration (Figure 3a and c) . Soluble sugars may inhibit the expression of photosynthetic enzyme genes, particularly of the small unit of Rubisco, hence lowering the Rubisco level and photosynthesis (Sheen 1994) . However, the lower CO 2 assimilation and Rubisco activity in the Mg-deficient upper and lower leaves and their differences between the two Figure 3 . Effects of Mg-deficiency on CO 2 assimilation (a), stomatal conductance (b), intercellular CO 2 concentration (c), ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) activity (d), leaf dark respiration (e) and root respiration (f). Bars represent means ± SE (n = 3-15). Differences among four treatment combinations (two leaf positions × two Mg levels) were analyzed by two-way analysis of variance. Four means were separated by Duncan's new multiple range test. Significant tests between two means (control and Mg-deficiency) were performed by the unpaired t-test. Different letters above the bars indicate a significant difference at P < 0.05.
Tree Physiology Volume 37, 2017 (Figure 3a and d) could not be explained in this way because the levels of soluble sugars and starch were similar between the Mgdeficient upper and lower leaves (Figure 5a-f ). This agrees with our report that the Mg-deficiency-induced decreases of photosynthesis and Rubisco activity in the leaves of fruiting Citrus reticulata trees were accompanied by less accumulation of nonstructural carbohydrates (Tang et al. 2012) . Thus, the lower Rubisco activity in the Mg-deficient lower leaves (Figure 3d) was not caused by the feedback inhibition mechanism via sugar accumulation and other factors might account for its reduction. Elevated Mg level in the light can activate sedoheptulose-1,7-bisphosphatase and fructose-1,6-bisphosphatase, yielding ribulose-1,5-bisphosphate (Purczeld et al. 1978) , and Rubisco, driving the carboxylation of ribulose-1,5-bisphosphate and resulting in CO 2 fixation (Portis and Heldt 1976) . The decreased Rubisco activity and CO 2 assimilation in the Mg-deficient leaves could be only partially explained in this way, because Mg level was lower in the Mg-deficient upper than in the Mg-sufficient lower leaves, while CO 2 assimilation was similar between the two (Figure 3a and d) . Obviously, other factors might play a role in determining Rubisco activity and CO 2 assimilation. Similarly, the decrease in CO 2 assimilation in the Mg-deficient lower leaves could not be explained by the decreased Chl level alone, because CO 2 assimilation was higher in the Mg-sufficient upper leaves than in the Mg-deficient upper leaves and the Mg-sufficient lower leaves, but Chl a+b level was similar among them (Figures 3a  and 4c ). Our previous reports suggested that the impairment of the whole photosynthetic electron transport was responsible for the decrease in CO 2 assimilation in the Mg-deficient citrus leaves (Tang et al. 2012 , Yang et al. 2012a . This could at least partially explain the decrease in CO 2 assimilation in the Mg-deficient upper and lower leaves (Figure 3a ).
Both concentrations of nonstructural carbohydrates and respiration were increased in the Mg-deficient upper and lower leaves, but decreased in the Mg-deficient roots
We found that Mg-deficiency increased or did not alter the levels of nonstructural carbohydrates in the upper and lower leaves, and decreased their levels in the roots ( Figure 5 ). Similar results have been observed in Mg-deficient wheat (Ceylan et al. 2016) , bean (Cakmak et al. 1994 ), coffee (da Silva et al. 2014 , and C. sinensis and Citrus grandis (Yang et al. 2012a) .
Dark respiration was increased in the Mg-deficient upper and lower leaves, especially in the latter (Figure 3e ). This agrees with the findings that dark respiration was augmented in the Mgdeficient leaves of C. reticulata (Jin et al. 2016) , C. sinensis Tree Physiology Online at http://www.treephys.oxfordjournals.org Figure 5 . Effects of Mg-deficiency on glucose (a and g), fructose (b and h), sucrose (c and i), glucose+fructose+sucrose (d and j), starch (e and k) and total nonstructural carbohydrate (TNC) (f and l) in C. sinensis leaves (a-f) and roots (g-l). Bars represent means ± SE (n = 4). Differences among four treatment combinations (two leaf positions × two Mg levels) were analyzed by two-way analysis of variance. Four means were separated by Duncan's new multiple range test. Significant tests between two means (control and Mg-deficiency) were performed by the unpaired t-test. Different letters above the bars indicate a significant difference at P < 0.05.
Tree Physiology Volume 37, 2017 (Peng et al. 2015) and bean (Fischer and Bremer 1993) . In addition, the levels of malate on a leaf mass basis (Figure 6a ) and malate+citrate+isocitrate on a leaf area basis (data not shown) and the activities of four key enzymes (PEPC, PK, ACO and NADP-IDH) in organic acid metabolism (Figure 7e , g, i and j) were higher in the Mg-deficient lower leaves than in controls.
Thus, the organic acid metabolism might be upregulated in the Mg-deficient lower leaves. However, the levels of organic acids and the activities of acid metabolism enzymes in the upper leaves were not elevated by Mg-deficiency except for malate level (Figures 6 and 7) . Both higher dark respiration and organic acid metabolism in apple and citrus leaves with more accumulation of Figure 6 . Effects of Mg-deficiency on malate (a and e), citrate (b and f), isocitrate (c and g) and malate+citrate+isocitrate (d and h) in C. sinensis leaves (a-d) and roots (e-h). Bars represent means ± SE (n = 4). Differences among four treatment combinations (two leaf positions × two Mg levels) were analyzed by two-way analysis of variance. Four means were separated by Duncan's new multiple range test. Significant tests between two means (control and Mg-deficiency) were performed by the unpaired t-test. Different letters above the bars indicate a significant difference at P < 0.05.
Tree Physiology Online at http://www.treephys.oxfordjournals.org nonstructural carbohydrates have been suggested to be an adaptive response by 'consuming' excessive carbon available and providing energy for the maintenance of the basic metabolic processes in these leaves with a lower photosynthesis (Wang et al. 2010 , Yang et al. 2013 , Lu et al. 2014a ). The Mgdeficiency-induced upregulation of dark respiration and organic Figure 7 . Effects of Mg-deficiency on acid-metabolizing enzymes in leaves (a-k) and roots (l-v). Bars represent means ± SE (n = 4). Differences among four treatment combinations (two leaf positions × two Mg levels) were analyzed by two-way analysis of variance. Four means were separated by Duncan's new multiple range test. Significant tests between two means (control and Mg-deficiency) were performed by the unpaired t-test. Different letters above the bars indicate a significant difference at P < 0.05.
Tree Physiology Volume 37, 2017 acid metabolism in the lower leaves relative to the upper leaves agreed with the increased requirement for 'consuming' the excessive carbohydrates because the levels of fructose, glucose +fructose+sucrose, starch and total nonstructural carbohydrates on a leaf area basis were higher in the Mg-deficient lower than in the Mg-deficient upper leaves (Figure 5a-f ; data not shown). The higher malate level in the Mg-deficient lower leaves (Figure 6a ) might be associated with the reduced degradation due to decreased NADP-ME and NAD-ME activities (Figure 7a and b) and the increased biosynthesis due to elevated PEPC and PK activities (Figure 7e and g) . Also, more carbohydrates might be used to synthesize malate because their export from the Mgdeficient lower leaves was decreased, as shown by the elevated levels of nonstructural carbohydrates (Figure 5a-f) . On the contrary, citrate and isocitrate levels in the lower leaves were decreased by Mg-deficiency (Figure 6b and c) , which might be associated with the increased decomposition, as shown by increased ACO and NADP-IDH activities (Figure 7h and i), rather than with the decreased biosynthesis, as shown by increased PEPC activity and unchanged CS activity (Figure 7e and h ). In the Mg-deficient lower leaves, the higher malate level was possibly responsible for the lower citrate level, because the import of citrate into vacuole is competitively controlled by malate and vice versa (Rentsch and Martinola 1991, Emmerlich et al. 2003) .
Like in previous reports (Yang et al. 2013 , Peng et al. 2015 , Jin et al. 2016 ) on the Mg-deficient citrus roots, the rate of respiration (Figure 3f ), the levels of organic acids (Figure 6e-h) , and the activities of nine key acid-metabolizing enzymes (Figure 7l -n, p and r-v) were decreased in the Mg-deficient roots. The decreases in both respiration and organic acid metabolism in the Mg-deficient roots might provide an adaptive response by keeping the balance of net carbon in these roots with less carbon available. The lower levels of organic acids in the Mg-deficient roots might result from the reduced biosynthesis due to decreased activities of NADP-MDH, PEPC, PK and CS (Figure 7n , p, r and s) and decreased amounts of carbohydrates available for organic acid biosynthesis (Figure 5g-l) , rather than by the increased degradation, as shown by decreased activities of NADP-ME, NAD-ME, ACO and NADP-IDH (Figure 7l , m, t and u).
Biosynthesis of amino acids was repressed in the Mg-deficient roots and lower leaves, but less affected in the Mg-deficient upper leaves
Our results showed that Mg-deficiency decreased or did not alter the levels of FAA and TFAA (Figures 8 and 10b) , and decreased the activities of five key enzymes (Figure 10e , g, i, k and m) in amino acid metabolism in the lower leaves. Thus, amino acid biosynthesis might be reduced in the Mg-deficient lower leaves, hence decreasing the level of TFAA. Similarly, amino acid biosynthesis was lowered in the Mg-deficient roots, as indicated by decreased or unchanged levels of FAA and TFAA (Figures 9 and  10d) , and decreased activities of five key enzymes in amino acid metabolism (Figure 10f, h, j, l and n) . By contrast, Mgdeficiency had little influence on amino acid biosynthesis in the upper leaves, because the concentrations of FAA and TFAA (Figures 8 and 10b ) and the activities of five enzymes in amino acid metabolism (Figure 10e , g, i, k and m) in the upper leaves were only slightly reduced or not affected by Mgdeficiency except that Arg level was slightly elevated. This agrees with the findings that both the levels of total soluble proteins and TFAA and the activities of NR, glutamate dehydrogenase, GS, urease, GPT and GOT were reduced in the Mg-deficient spinach leaves (Yin et al. 2009) , and that the activities of NR and GS were reduced in the Mg-deficient rice leaves with more starch accumulation (Ding et al. 2006) . Lavon et al. (1999) observed that the levels of FAA and total soluble proteins and the activity of NR in the fully expanded (at least 3-month old) rough lemon (Citrus volkameriana) leaves were not affected by Mg-deficiency except for a slight increase in Arg level. However, Fischer et al. (1998) found that the level of total amino acids was greatly elevated in the Mg-deficient source and sink leaves of spinach, especially in the latter, but only slightly enhanced in the Mg-deficient roots. Jezek et al. (2015) observed that Mg-deficiency augmented TFAA level in leaves number 6 and 7 of maize plants, but had no significant influence on its level in leaf number 8 and GS activity in leaves number 6-8. Lasa et al. (2000) reported that Mg-deficiency increased the accumulation of FAA in ammonium-fed sunflower roots and leaves, especially in the roots, but not in the nitrate-fed ones. Magnesium-deficiency also increased TFAA level in longan leaves (Li et al. 2001a ).
Thus, it appears that the effects of Mg-deficiency on the levels and the biosynthesis of amino acids depend on plant species, organ, leaf age (leaf position) and growth conditions. Magnesium-deficiency increased total phenolics and decreased anthocyanins in the lower leaves, but had less influence on them in the upper leaves and the roots Carbohydrate metabolism can provide the precursors for phenolic biosynthesis via the shikimate pathway ( Figure 12 ). As expected, total phenolic accumulation was elevated in the Mgdeficient lower leaves with more carbohydrate accumulation (Figures 5a-f and 11a ), which agrees with the results that total phenolic level increased with decreasing Mg level in beech leaves (Påhlsson 1989) . However, the level of total phenolics remained unchanged in the Mg-deficient upper leaves with increased accumulation of carbohydrates (Figures 5a-f and 11a) and was only slightly decreased in the Mg-deficient roots with less accumulation of carbohydrates (Figures 5g-l and 11f) . Lu et al. (2014a) reported that total phenolic accumulation was increased in the B-deficient C. sinensis roots with decreased levels of carbohydrates and leaves with increased levels of carbohydrates. Obviously, except for carbohydrates, other factors might play a role in total phenolic accumulation of roots and
Tree Physiology Online at http://www.treephys.oxfordjournals.org leaves. Phenylalanine ammonia-lyase, a key enzyme in phenolic biosynthesis (Jones 1984) , is induced when exposed to various stresses (Dixon and Pavia 1995) , thus resulting in phenolic accumulation (Camacho-Cristóbal et al. 2002) . Total phenolic level was 20-70% lower in the PAL-suppressed Salvia miltiorrhiza plantlets than in the untransformed ones and vector-control Figure 8 . Effects of Mg-deficiency on leaf concentrations of 17 FAA [aspartic acid (Asp), threonine (Thr), serine (Ser), glutamic acid (Glu), glycine (Gly), alanine (Ala), cystine (Cys), valine (Val), methionine (Met), isoleucine (Ile), leucine (Leu), tyrosine (Tyr), phenylalanine (Phe), lysine (Lys), histidine (His), arginine (Arg) and proline (Pro)] and their sum. Bars represent means ± SE (n = 4). Differences among four treatment combinations (two leaf positions × two Mg levels) were analyzed by two-way analysis of variance. Four means were separated by Duncan's new multiple range test. Different letters above the bars indicate a significant difference at P < 0.05. ND, not detected.
line (Song and Wang 2011) . We found that PAL activity was increased in the Mg-deficient roots, but decreased in the Mgdeficient upper and lower leaves, especially in the latter (Figure 11b and g) . Thus, the Mg-deficiency-induced alteration of PAL activity could not account for the greater or lesser accumulation of total phenolics in the Mg-deficient lower leaves or the Mg-deficient roots, respectively. Polyphenoloxidases catalyze the oxidation of phenols to quinones. Compared with control plants, Figure 9 . Effects of Mg-deficiency on root concentrations of 17 FAA and their sum. Bars represent means ± SE (n = 4). Different letters above the bars indicate a significant difference at P < 0.05 detected by the upaired t-test. ND, not detected.
Tree Physiology Online at http://www.treephys.oxfordjournals.org transgenic plants overexpressing a PPO displayed an increased oxidation rate of endogenous phenolics (Li and Steffens 2002) . The Mg-deficiency-induced decrease of PPO activity in the roots, and upper and lower leaves (Figure 11e and j) indicated that phenolic oxidation might be reduced in these roots and leaves. Thus, the more accumulation of total phenolics in the Mg-deficient lower leaves was, at least partially, caused by the decreased oxidation due to decreased PPO activity. However, the lesser accumulation of total phenolics in the Mg-deficient roots could not be explained in this way. Guaiacol peroxidase is involved in phenolic oxidation (Mohammadi and Kazemi 2002) . Overexpression of a basic GPX in transgenic tomato hairy roots enhanced the removal of phenolics (Oller et al. 2005) . Thus, the decreased total phenolic level in the Mg-deficient roots (Figure 11f ) might be a consequence of an increase in GPX activity (Figure 11i ). However, both GPX activity (Figure 11d ) and total phenolic level (Figure 11a ) in the lower leaves increased in response to Mg-deficiency. Based on these results, the greater accumulation of total phenolics in the Mg-deficient lower leaves might be due to both the increased precursors (carbohydrates) and the decreased oxidation caused by decreased PPO activity, whereas the lesser accumulation of total phenolics in the Mg-deficient roots might be due to both the decreased precursors and the increased oxidation caused by increased GPX activity.
The level of anthocyanins was decreased in the Mg-deficient upper and lower leaves (especially in the latter) and roots (Figure 11b and g ). This agrees with our results that B-deficiency decreased the level of anthocyanins in C. sinensis roots (Lu et al. 2014b ), but disagrees with the observation that the level of anthocyanins was greatly elevated in Mg-deficient rice leaves number 4 and 5, and unaffected in Mg-deficient leaf number 6 (Kobayashi et al. 2013) . Evidence shows that the high PAL activity is related to the accumulation of anthocyanins and other phenolics in the fruits of strawberry (Given et al. 1988 ) and apple (Blankenship and Unrath 1988) , and that GPX plays a role in the degradation of anthocyanins (Zhang et al. 2005) . In this study, the lower concentration of anthocyanins was caused by decreased PAL activity in the Mg-deficient upper leaves, by the increased degradation due to higher GPX activity in the Mgdeficient roots, and by the two in the Mg-deficient lower leaves (Figure 11b-d and g-i) .
In conclusion, our results clearly showed that the effects of Mg-deficiency on gas exchange, major metabolites and key enzymes were more severe in the lower than in the upper leaves except for the nonstructural carbohydrates, but the variation trends were similar between the two (Figure 12 ). This might be Figure 10 . Effects of Mg-deficiency on concentrations of total soluble proteins (a and b) and TFAA (c and d), and activities of NR (e and f), NADH-dependent glutamate 2-oxoglutarate aminotransferase (NADH-GOGAT, g and h), GOT (i and j), glutamate pyruvate transaminase (GPT, k and l) and GS (m and n) in C. sinensis leaves and roots. Bars represent means ± SE (n = 4-6). Differences among four treatment combinations (two leaf positions × two Mg levels) were analyzed by two-way analysis of variance. Four means were separated by Duncan's new multiple range test. Significant tests between two means (control and Mg-deficiency) were performed by the unpaired t-test. Different letters above the bars indicate a significant difference at P < 0.05.
Tree Physiology Volume 37, 2017 related to the fact that Mg can be remobilized from the old leaves to the young leaves. Although the Mg-deficient leaves accumulated more nonstructural carbohydrates, the lower CO 2 assimilation in these leaves was not due to the feedback inhibition mechanism. Both dark respiration and organic acid metabolism were activated in the Mg-deficient lower leaves to 'consume' the excessive carbohydrates, and repressed in the Mg-deficient roots with decreased levels of nonstructural carbohydrates to keep the balance of net carbon. The Mg-deficient lower leaves had an increased concentration of total phenolics and a decreased concentration of anthocyanins, whereas the two parameters were decreased in the Mg-deficient roots. Interestingly, both TFAA concentration and amino acid biosynthesis were lowered in the Mg-deficient lower roots and leaves.
Supplementary Data
Supplementary Data for this article are available at Tree Physiology Online. Figure 11 . Effects of Mg-deficiency on concentrations of total phenolics (a and f) and anthocyanins (b and g), and activities of PAL (c and h), GPX (d and i) and PPO (e and j) in C. sinensis leaves (a-e) and roots (fj). Bars represent means ± SE (n = 4). Differences among four treatment combinations (two leaf positions × two Mg levels) were analyzed by two-way analysis of variance. Four means were separated by Duncan's new multiple range test. Significant tests between two means (control and Mg-deficiency) were performed by the unpaired t-test. Different letters above the bars indicate a significant difference at P < 0.05. Figure 12 . A diagram showing the physiological and biochemical responses of C. sinensis roots (in magenta), and lower (in blue) and upper (in green) leaves to Mg-deficiency. In this figure, we used plain format for metabolites and italics for enzymes. Data from Figures 3 and 5-11. Values are the ratios of Mg-sufficiency to Mg-deficiency. An asterisk indicates a significant difference between Mg-sufficiency and -deficiency at P < 0.05. A metabolite or enzyme was considered downregulated or upregulated when metabolite or enzyme had both a relative change of less or more, respectively, than 1 and a P-value of <0.05. Enzyme activities and metabolite concentrations were determined on a whole-tissue extract and not at a subcellular level as it appears in the figure. Ac-CoA, acetyl coenzyme A; Anth, anthocyanins; CoASH, coenzyme A; F1P, fructose-1-phosphate; G1P, glucose-1-phosphate; Gln, glutamine; OAA, oxaloacetate; PEP, phosphoenolpyruvate; Pyr, pyruvate; Resp, respiration rate; TSP, total soluble proteins.
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